The objective of the study is to explore the use of two promising materials, i.e., ductile fiber reinforced cement-based composites (DFRCCs) and shape memory alloys (SMA), in structural beams for enhanced seismic performance. DFRCCs are distinguished from regular concrete materials by their tensile strain hardening behavior accompanying by multiple hairline cracks. The unique tensile behavior in the material scale transforms into the enhanced ductility, shear and moment resistance, and damage tolerance in the structural scale. SMAs, a type of smart materials, are featured by their shape memory effect and superelasticity. The properties allow deformed SMAs with a strain as large as 8% to recover their original shape. The cyclic behavior of DFRCC beams reinforced by SMA bars is examined in the study. Four different beam specimens with experimental parameters, including DFRCCs, SMA bars, and bond strength between rebar and DFRCCs, are designed and tested. The results show that the use of DFRCCs to replace conventional concrete materials is able to enhance the energy dissipation capacity and failure pattern of the beam specimen. The reduced bond strength between rebar and the surrounding cement composites in the critical region of the beam is found to improve the ductility of the beam under displacement reversals. The beam specimen that employs SMA bars to replace regular steel bars in the longitudinal reinforcement exhibits appealing self-centering properties with very minor residual deformation after undergoing a drift response of 5%.
Introduction
Ductile fiber reinforced cement-based composites (DFRCCs) and shape memory alloys (SMAs) are two materials that offer promising advantages for development of next-generation earthquake-resistant structures. DFRCCs are distinguished from conventional concrete materials from their strain-hardening behavior under tension accompanying by multiple narrow cracks. The unique tensile strain-hardening behavior in the material scale transforms into enhanced shear and moment resistance, damage tolerance, and energy dissipation capacity in the structural scale, compared to conventional concrete materials [1] [2] [3] [4] [5] . Depending on the mix design and types of fibers, the major crack of DFRCCs occurs at a tensile strain between 0.2% and 8%, which can be up to 100 times larger than that of conventional concrete materials. After formation of major cracks, DFRCCs exhibit strain-softening behavior. When under compression, DFRCCs also outperform conventional concrete materials in terms of strength and ductility. SMAs possess desirable characteristics for applications in areas of earthquake-resistant structures [6] . Nickel-titanium (NiTi) alloys, the main type of SMAs, have two unique properties: shape memory and superelasticity, resulting from transformation between austenite and martensite phases of the alloy triggered by temperature or stress variations [7] . Shape memory refers to the ability of NiTi SMAs to undergo deformation at one temperature, then recover its original shape upon heating above their transformation temperature. Superelasticity refers to the fully recovery of the deformed NiTi SMAs with a strain as large as 8% to its undeformed shape when the applied stress is released. The superelasticity of NiTi SMAs occurs at a narrow temperature range above the transformation temperature of the alloy. In addition, NiTi SMAs provide high strength, large energy dissipation capacity through hysteretic behavior, and high resistance to corrosion and fatigue.
The objective of the study is to investigate the seismic performance of DFRCC beams reinforced by SMA bars. Four slender cantilever beam specimens are designed with experimental parameters including SMA bars, DFRCCs, and bonding strength between steel bars and DFRCCs. The seismic performance of the beam specimens is assessed using cyclic loading tests. The performance of the newly developed beams is discussed in terms of hysteretic responses, failure patterns, and base rotations.
Test set-up
Four slender cantilever beams with dimensions of 25cm*35cm*280cm (width*height*length) and reinforcing details shown in Figures 1-3 are made. While one specimen is made of conventional concrete materials (termed RC), the other three are made of DFRCCs (termed ES, ESMA, and EST). The RC specimen, employed as the control specimen, is a conventional RC beam. The ES specimen is made of DFRCCs and reinforced using steel bars. The ESMA specimen is made of DFRCCs and uses SMA bars to replace the longitudinal steel bars in the plastic hinge region of the beam. In the EST, as shown in Figure 2 , the longitudinal steel bars in the plastic hinge region of the beam are wrapped using rubber mastic tapes to reduce the bond strength between steel bars and DFRCCs, with an attempt to extend the plastic hinge region. For the reinforcement details of RC, ES, and EST, four #8 longitudinal steel bars are used. Due to the manufacturing limitation on the size of SMA bars, eight #5 SMA bars connected with steel bars via couplers are used as the longitudinal reinforcement in the ESMA. In particular, the SMA bars which are 82.5cm long are placed in the critical regions of the beam as shown in Figure 3 . The mechanical properties of the SMA bars used are summarized in Table 1 . All four specimens have the same design of lateral steel reinforcements. The seismic performance of the beam specimens are investigated using cyclic-loading tests. Experimental setup is shown in Figure 4 . One end of the specimen is clamped by two precast RC blocks connected using 10 prestressed bars. Vertical displacement reversals are applied to the other end of the specimen via a hydraulic actuator. The length of the tested region of the beam is 1850 cm. Figure 5 shows the locations of the installed linear variable displacement transducers (LVDT) on each beam specimen. The locations of the attached strain gauges on the reinforcing bars are shown in Figure 6 . Figure 7 shows the load-drift responses of the four specimens. The RC specimen, as shown in Figure 7 (a), exhibits stable hysteretic responses before the drift reaches 8%. After the drift response is larger than 8%, the strength drops significantly. When the drift reaches 9%, the strength is less than 80% of the maximum strength. The benefits of using DFRCCs to replace conventional concrete in the beam specimen can be observed from the test results of ES plotted in Figure 7 (b). It can be seen that the hysteretic loops of the ES specimen are obviously fatter than that of the RC specimen. In addition, after the maximum strength is reached at 1% drift , the strength stably maintains at the peak value as the drift response increases to 8%. The comparison of the load-drift responses of the ES (Figure 7(b) ) and EST (Figure 7(c) ) indicates that the reduced bond strength between the DFRCC and longitudinal steel bars at the plastic hinge region does not affect the strength capacity of the beam specimen. Nevertheless, after the maximum strength is reached, unlike the stable strength observed in the ES specimen, the strength of EST slightly decreases as drift increases. It is worth noting that after the EST reaches 10% drift, the pinching behaviour becomes obvious. The reduction of the bond strength in the critical region is found to considerably increase the ductility of the specimen. While both the RC and ES specimens fails at a drift of less than 9%, the EST specimen reaches a drift of more than 12% without obvious degradation in strength. The test on the EST specimen is terminated at a drift response of 12% due to the limitation of stoke of the wire gauge and hydraulic actuator. Figure 7(d) shows the influence of using SMA bars to replace the longitudinal steel reinforcement in the DFRCC beam specimen. It can be seen that after the applied load is fully unloaded in each loading cycle, the residual displacement is very minor. In particular, when the ESMA is fully unloaded from a drift of 5%, the residual drift is less than 0.05%. TD-T0   TD-B0   TD-T1  TD-T2  TD-T3  TD-T4  TD-T5   TD-B1  TD-B2  TD-B3  TD-B4  TD- TD-T1  TD-T2  TD-T3  TD-T4  TD-T5   TD-B1  TD-B2  TD-B3  TD-B4  TD- Figure 8 shows the failure patterns of the specimens. It can be seen in Figure 8 (a) that significant concrete spalling accompanying by widening cracks occurs at the plastic hinge region in the RC specimen. For the other three specimens that are made of DFRCCs, multiple hairline cracks are observed before major cracks widen. In additional, no obvious concrete spalling is observed for the three DFRCC beams. The ES specimen fails due to the facture of a longitudinal steel bar. In the EST specimen, the wrapped longitudinal bars at the base of the beam facilitate the development of two major plastic hinges, which are located at the two ends of the wrapped region. The additional plastic hinge leads to an improved ductility of the beam under displacement reversals, compared to other beams. It is observed in the test that before major cracks take place, a dense array of hairline cracks develops at the two plastic hinge zones whereas only a few cracks develop in the wrapped region. The ESMA specimen fails due to the fracture of the thread portion of the SMA bar connected with the rebar coupler, as shown in Figure 9 . The fracture of the tread SMA bar is likely caused by the heat treatment in the rebar coupling process that changes the lattice of the SMA bar and thus reducing the ductility and strength. Figure 10 shows the cyclic base rotation -drift responses of the beam specimens. It can be seen that when the drift response researches 4%, the RC specimen has the smallest base rotation. The use of DFRCCs to replace the conventional concrete materials in the beam considerably increases the base rotation response to 0.023, as can be seen in Figure 10 (b). For the EST and ESMA specimens, the rotation demand is further increased to be more than 0.03. 
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Summaries and Conclusions
The study presented herein investigated the potential of using DFRCCs and SMA bars to replace conventional concrete materials and steel bars, respectively, in structural beams, with the aim of enhancing the seismic performance of beams. Cyclic loading tests on four different beam specimens were carried out. The results showed that using DFRCCs to replace conventional concrete in the beam leaded to enhanced energy dissipation capacity, ductility, and failure pattern. In particular, while the conventional RC specimen failed due to excessive crack widening and concrete spalling, the DFRCC specimens showed a dense array of hairline cracks before crack localization. In addition, no obvious concrete spalling was observed when the DFRCC specimens failed. The reduced bond strength between the longitudinal steel bars and the surrounding DFRCCs facilitated development of an additional plastic hinge, leading to enhanced beam ductility under displacement reversals. Although the energy dissipation capacity of the DFRCC beam reinforced by SMA bars was substantially less than that of the other beams, the use of SMA bars significantly reduced the residual deformation of the beam specimen after experiencing displacement reversals.
